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I.  INTRODUCTION 


In  recent  years,  the  US  Army  has  perceived  the  distinct  advantages  of  a field  weapons  system 
built  around  numbers  of  small,  unmanned  remotely  piloted  vehicles  (RPV’s).  Today’s  electronic 
miniaturization  provides  the  means  to  efficiently  package  fairly  sophisticated  battlefield  surveil- 
lance/target designation  systems.  The  Army  platform  aboard  which  these  systems  will  be  carried 
appears  to  be  evolving  into  a 150-300  pound  gross  weight  vehicle  capable  of  being  launched, 
controlled,  and  recovered  from  a location  behind  the  forward  edge  of  battle  area  (FEBA).  Though 
some  RPV's  are  conceived  as  expendable,  the  expense  of  the  Army’s  envisioned  payload  package 
mandates  a reliable  (but  cost  effective)  vehicle  capable  of  precise  guidance  and  recovery. 

The  power  class  of  20-25  HP  was  selected  to  give  the  required  vehicle  performance.  An  air- 
cooled, two-stroke  reciprocating  engine  was  particularly  attractive  because  of  its  simplicity,  good 
power-to-weight  ratio,  and  relative  low  cost.  A market  survey,  however,  showed  a distinct  void  in 
the  20-25  HP  range  for  acceptable  engines.  The  Army’s  demonstrator  RPV,  the  Aquila,  is  powered 
by  a single-cylinder,  9.6-HP  McCulloch  MClOl  go-kart  racing  engine.  For  the  increased  horsepower 
requirement  and  for  additional  smoothness,  a twin-cylinder  opposed  configuration  was  selected. 

Cost  effectiveness  could  be  achieved  by  maximizing  the  use  of  off-the-shelf,  high-production  engine 
components.  To  demonstrate  this  capability,  the  Eustis  Directorate,  US  Army  Air  Mobility  Re- 
search and  Development  Laboratory,  Ft  Eustis,  VA  awarded  two  Mini-RPV  Engine  Demonstrator 
contracts*  in  February  1977.  By  March  1978  each  contractor  is  to  deliver  five  engines  for  Govern- 
ment test  and  evaluation.  The  introduction  of  Army  RPV’s  into  the  battlefield  presented  a problem 
requiring  immediate  analytical  and  experimental  investigation,  there  is  no  federal  or  military  specifi- 
cation for  two-stroke  air-cooled  engine  lubricants.  In  the  absence  of  such  a specification,  three 
alternative  plans  of  attack  were  open: 

a.  Undertake  a program  to  develop  a specification  for  the  class  of  lubricant. 

i 

b.  Determine  the  suitability  of  other  military  specification  and  Government-procured  lubri-  | 

cant  families  in  this  application. 

c.  Consider  the  application  of  a family  of  existing  commercial  two-stroke  engine  lubricants. 

The  first  of  these  options  would  require  a research  and  development  effort  of  a sizable  scope 
and  time  frame.  The  second  approach  would  be  aimed  at  identifying  promising  MIL-Spec  lubricant 
classes  to  satisfy  RPV  requirements,  but  would  eventually  require  evaluation  of  each  individual 
product  on  Qualified  Products  Lists  (QPL).  The  third  option  would  be  a straightforward  approach, 
but  would  still  introduce  a unique  lubricant  into  the  Army’s  supply  system.  It  was  felt  that  the 
second  approach  was  a good  starting  point  in  determining  the  necessity  for  a separate  two-stroke 
lubricant  specification. 

Under  supervision  of  the  Eustis  Directorate,  USAAMRDL,  Ft  Eustis.  VA  and  USAMERAD- 
COM,  Ft  Belvoir.  VA,  the  US  Army  Fuels  and  Lubricants  Research  Laboratory  (AFLRL)  initiated  a 
program  involving  the  following  sequential  tasks: 

a.  Obtain  and  analyze  representative  samples  of  a reference  lubricant  known  to  be  operating 
satisfactorily  in  the  McCulloch  MCIOIB  engine. 

•('onlMct  Ntv  I)AAJ()^'77-C-<Ut|4  to  Honnett  Acrolcchnical.  Auburn.  AL  and  Contract  No.  nAAJ02-77-r-001 5 to  Tcicdync  Con- 
tinental Motors.  Mtfbilc.  AI. 
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b.  Compare  compositional  analyses  from  Task  “a”  with  known  composition  and  properties 
of  specification  lubricants  (e.g.,  M1L-L-2104C,  MlL-L-46152.  MIL-L-23699B.  and 
M1L-L-22851B>. 

c.  Identify  representative  MIL-Spec  oils  most  comparable  to  the  reference  lubricants 
selected  under  Task  “a”.  In  addition,  select  oils  with  contrasting  performance  and 
composition. 

d.  Obtain  baseline  engine  test  data  for  the  Task  “a”  reference  lubricant  with  the  MCIOIB 
engine,  using  a test  cycle  designed  to  be  representative  of  the  RPV  mission  profile. 

e.  Evaluate  candidate  MlL-Spec  lubricants  and  compare  performance  to  data  developed  in 
Task  “d”  for  the  reference  lubricant. 

f.  From  performance  of  lubricants  in  Task  “e".  identify  those  most  promising  MlL-specifi- 
cations  and  perform  engine  tests  on  as  many  qualified  lubricants  as  possible  for  a given 
specification.  (This  last  task  was,  of  course,  limited  by  economic  considerations  since  a 
large  number  of  qualified  products  exist  for  most  military  specification  lubricants). 

Based  upon  the  above  approach,  recommendations  were  to  be  made  regarding  the  necessity  for 
development  of  a separate  specification  or  for  the  applicability  of  existing  specifications  to  the  RPV 
mission.  A further  goal  of  this  investigation  was  to  monitor  progress  of  the  two  “second  generation" 
multi-cylinder  Mini-RPV  Demonstrator  Engine  designs  to  ascertain  those  design  parameters  which 
might  influence  the  two-stroke  lubricant  selection.  In  this  regard,  two  parameters  are  identified: 
( 1 ) cylinder  head  temperatures  will  most  likely  be  allowed  to  rise  to  the  500° F range  as  opposed  to 
more  common  McCulloch  MClOl  operating  temperatures  in  the  250°F  range.  (2)  a capacitive 
discharge  ignition  system  with  surface  gap  spark  plug  is  planned  to  replace  the  conventional 
magneto  system  and  standard  electrode  spark  plug. 

Since  the  lubricant  investigation  was  well  into  Task  “e"  when  these  design  considerations  were 
known,  a decision  was  made  to  modify  the  test  engines  for  a limited  test  series  at  AFLRL  so  that 
more  meaningful  data  might  be  acquired.  Testing  of  these  modified  configurations  comprises  the 
final  phase  of  this  lubricant  investigation  and  has  been  segregated  and  detailed  in  the  final  section  of 
this  report. 

( 
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II.  TEST  FUEL  AND  LUBRICANTS 


It  sliould  be  emphasized  that  this  program  was  designed  to  evaluate  lubricants  rather  than 
fuels.  To  detennine  whicli  fuel  class  would  best  serve  this  purpose,  initial  performance  testing  was 
accomplished  using  two  fuels,  a normally  leaded  automotive  gasoline'*'*  and  an  aviation 
gasoline.1-1  Engine  performance  characteristics  were  compared  at  sea  level  conditions,  using  the 
MCIOIB  reference  oil  with  both  fuels,  and  it  was  found  that  there  were  no  significant  performance 
differences  regardless  of  the  fuel  used.  It  was  decided 
to  use  the  automotive  gasoline  due  to  availability  at 
AFLRL  and  project  cost,  plus  the  fact  that  candidate 
RPV  engine  evaluations  in  a parallel  program  at 
MERAIX'OM  were  using  this  fuel.  This  gasoline  was 
procured  in  drummed  batches  under  the  VV-C'i-7()b 
specification  and  was  used  in  evaluation  of  all  lubri- 
cants. Typical  fuel  properties  of  the  gasoline  (AFLRL 
code  .AL-6544-Ci)  can  be  seen  in  Fable  I . 

The  selected  reference  lubricant,  AL-<i408-L,  is 
recommended  by  the  McCulloch  Corporation  for  its 
f ■ of  chain  saw  and  Cio-Kart  racing  engines.  As 
seen  in  Fable  2.  it  is  an  ashless  dispersant, 
luted  mineral  oil  and  is  certified  by  the 
industry  of  Amerit.i  for  service  in  two-cycle. 

■r-cooled  enginesf^*  (BIA/FC-W).  Both  viscosity 
and  Hash  point  of  this  lubricant  are  dramatically 
affected  by  the  properties  of  the  diluent.  This  lubri- 
cant had  shown  excellent  performance  in  both  static- 
engine  tests  at  MERAIX'OM  and  flight  tests  with  the  Lockheed  Aquila  RPV,  but  is  not  qualified  to 
any  federal  or  military  lubricant  specification.  Because  of  its  demonstrated  performance  in  the 
MClOl  engine,  this  oil  was  selected  as  baseline  reference  for  this  program. 

The  class  of  MlL-spec  lubricants  closest  in  composition  to  the  above  BIA/TC-W  reference 
lubricant  are  those  ashless  dispersant  oils  qualified  under  MIL-L-22851 B^'^^  for  aircraft  piston 
engines.!  These  are  considerably  higher  in  viscosity  and  flash  point  than  the  BIA/TC-W  lubricant, 
but.  as  can  be  seen  in  Table  2.  have  no  metallo-organic  additives  and  low  sulfur  content.  In  MIL-L- 
22851 B,  there  are  Type  II  (large  aircraft  engines)  and  Type  III  (small  aircraft  engines)  lubricant 
classes.  Each  oil  class  is  identified  in  Table  2.  All  commercially  available  oils  qualified  under  this 
specification  were  tested. 

The  two  classes  of  lubricants  most  prevalent  in  the  Army  inventory  are  those  automotive 
crankcase  oils  qualified  under  MIL-L-461  52^-^*  for  administrative  vehicles  and  MIL-L-2 104C(^^  for 
tactical  and  combat  vehicles.  Both  classes  contain  metallo-organic  (ash-forming)  additives  with  the 
tactical/combat  oils  generally  having  higher  concentrations  than  the  administrative  oils.  Two  typical 
qualified  products  from  MIL-L-46152  (one  mineral  base,  and  one  synthetic  base)  and  one  from 
MIL-L-2104C  were  tested,  plus  AL-45‘)I-L.  a lubricant  qualified  under  both  of  these  specifications. 


‘Numhcrcd  supersenpis  refer  to  “I  ueK  ;ind  Lubrkunis  Speeifiejiions  References"  at  end  t>f  this  report.  Ihis  list  prtwides  exact 
descriptive  nomenclature  for  each  specification  discussed  in  the  text. 

t NAVAIR  Inslructittn  1 0350.1  A.  S July  1976.  permits  MIL-1  -2385  I B Type  M or  III  oils  for  use  in  fuel-oil  mixture  applications  in 
two-cycle  air  cooled  drone  aircralt  pt'werplanis. 


TABLI  I typical  FUEL  PROPKRTII  S 


Pro|vrties 

VV-t;-76b 
AL-6544-0 
Normally  Loaded 

(iravity,  API 

56.7 

RON 

93.5 

MON 

82.7 

RVP 

8.4 

Distillation 

lOT 

130 

50% 

222 

W/l, 

338 

IP 

387 

1 M.A 

7o  Aromatics 

30 

Olefins 

5 

% Saturalcs 

65 

Lamp  Sullur,  % 

0.104 

Ia;ad,  g^/pal 

2.03 

Gum  Washed,  mg/ 100  ml 

0.6 

Gum  Unwashed,  mg/ 100  ml 

1.2 

7 


r 


The  final  lubricant  selected  was  a qualified  product  under  MIL-L-23699B^^\ the  specification 
for  synthetic-base  gas  turbine  lubricants  such  as  used  in  Army  helicopters.  This  lubricant  class  is 
designed  for  high-temperature  operation  and  is  therefore  attractive  for  two-stroke  applications;  such 
lubricants  frequently  contain  tricresyl  phosphate  as  a load-bearing  additive. 

Due  to  the  large  number  of  qualified  products  existing  for  most  military  specification  lubri- 
cants, the  selection  of  the  lubricants  used  was  governed  by: 

• Economic  considerations 

• Oil  composition 

• Engine  lubricant  experience,  and 

• General  availability  for  RPV  applications. 

Those  lubricants  selected  satisfy  the  criteria  stated  for  the  six  sequential  tasks  described  previously. 


8 


III.  EXPERIMENTAL  PROCEDURE 


A.  Test  Stand  Set-up 


1 ho  McC  ulloch  MCIOIB  engine  (see  l igure  I ) is  a small  air-cooled,  two-stroke  cycle  spark 
ignition  engine,  which  develops  between  X-10  horsepower  at  7.000  to  8.000  RPM  (see  Table  5».  A 
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standard  production  model  was  used  with  a 
Walboro  SlX'-43  high-speed  carburetor  having 
the  main  jet  drilled  out  to  0.035  inches.  This 
carburetor  has  an  adjustable  jet  for  idle  and 
mid-range  mixtures,  permitting  more  precise 
fuel-flow  control.  Six  individual  engines  were 
used  for  testing;  the  same  carburetor  was  used 
throughout.  Test  engine  components  were 
cleaned  and  inspected,  and  questionable  or  out- 
of-tolerance  parts  replaced  prior  to  assembly. 
New  piston  rings  and  gaskets  were  used  for  each 
test.  Manufacturer's  allowable  tolerances  and 
recommended  procedures  were  used  throughout 
the  program  with  the  exception  of  fuel/oil  ratios 
which  were  run  at  either  16:1  or  32:1.  The  en- 
gine was  mounted  on  a test  stand  using  rubber 
insulators  between  the  engine  mount  and  test 
stand  to  absorb  engine  vibration.  A D.Sl 
28-4(>-1014-l-l  fixed-pitch  wooden  propeller 
was  adapted  to  the  engine  for  load  absorjition. 
and  a safety  guard  screen  was  mounted  on  the 
test  stand. 
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I'uel  How  was  measured  by  means  of  a 
flowmeter  and  controlled  at  25  ml  min  at 
5000  RPM.  Leaning  procedure  was  as  follows; 

1 . Open  low-speed  jet  3/4  turns  from  full 
closed. 

2.  Stabilize  engine  (5-10  minutes)  at 
5.000  RPM. 

3.  Adjust  low  speed  jet  to  achieve 
25  ml/min  fuel  How. 

Intake,  exhaust,  and  spark  plug  temperatures,  in- 
take air  How,  ambient  air.  RPM.  and  barometric 
pressure  were  recorded  after  stabilization  in  each 
cycle  mode  (see  below).  Inlet  air  temperature 
was  controlled  at  105  ± 5°1'. 


B.  Test  Procedure 


A test  cycle  developed  by  the  Electrical  Power  Laboratory.  USAMERADCOM.  Fort  Belvoir, 
Virginia,  simulating  a typical  RPV  mission  profile  was  employed  for  all  testing.  This  cycle  consisted 
of  nine  modes:  warmup,  takeoff,  climb-out.  cruise,  letdown,  go-around,  level-off,  landing,  and 
turnaround  (engine-off  heat  soak)  which  totaled  120  minutes  (90  minutes  running  and  30  minutes 
turnaround).  A slight  modification  of  the  original  1 12-minute  MERADCOM  profile  to  include  an 
additional  eight  minutes  in  the  cruise  mode  was  made  at  AFLRL  (see  Figure  2)  in  order  to  accom- 
modate timing  devices.  This  is  considered  to  be  a negligible  modification  for  the  purpose  of  lubri- 
cant evaluation.  The  initial  cycle  for  each  test  was  preceded  by  a 15-minute  break-in  and  fuel  flow 
adjustment  at  5000  RPM,  after  which  the  cylinder  head  was  retorqued  to  prevent  leaks.  After  each 
test  the  engine  was  disassembled  and  visually  rated  (see  next  section).  Engine  components  were  then 
color  photographed  for  further  rating  and  recording.  Typical  instrumentation  readings  are  given  in 
Table  6. 


TADLi:  6.  TYPICAL  KNC.INL  OPERATING  DATA 


Mixle 

Warm- 

Up 

lake- 

Off 

Climb- 

Ou! 

Crui.su 

Let- 

Down 

Git 

Around 

1 evel 

OH 

Landing 

Turn- 

Around 

Minutes 

1 

y 

10 

68 

2 

2 

2 

2 

30 

RPM 

2.S00 

7000 

6000 

5000 

2500 

7000 

5000 

2500 

liilake  Temp, " 1 

■78 

89 

98 

104 

105 

102 

101 

105 

} \hjust  Temp.  I- 

417 

981 

1073 

978 

550 

1080 

1036 

540 

Spark  Pluj:  Temp,  **  T 

150 

265 

268 

248 

208 

260 

258 

212 

Ambient  Air,  F 

70 

70 

72 

72 

75 

75 

75 

75 

l uel  Ib/Hr 

O.H 

5.9 

4.4 

2.7 

0.9 

6.0 

2.7 

0.9 

Air  Ib/Hr 

93.0 

68.0 

38.0 

92.0 

38.0 

1 

C.  Merit  Rating  Method 

It  was  desirable  to  provide  means  for  quantitative  comparison  of  lubricant  performance.  In  the 
absence  of  any  standardized,  widely  accepted  method  for  air-cooled,  two-cycle  engines,  a rating 
technique  developed  at  SwRl  was  used  to  evaluate  those  characteristics  deemed  critical  for  good 
lubricant  performance.  This  system  makes  use  of  Coordinating  Research  Council  (CRC),  Boating 
industry  of  .\merica  (BIA)  and  SwRI-developed  rating  systems  and  is  based  on  a merit  rating 
wherein  all  rating  points  are  from  0-10(10  = clean).  Merit  rating  data  for  each  component  are  given 
in  Table  3.  Ring  lands  and  piston  skirt  deposits  are  rated  by  using  CRC  Manual  No.  9 color 
standards,  while  ring  grooves  are  rated  by  percent  of  carbon  fill.  Piston  scuffing  is  rated  as  percent 
of  area  scuffed.  Ring  freedom  rating  is  accomplished  by  using  the  BIA  Ring  Rating  Chart.  The 
piston  and  cylinder  head  deposits  are  rated  by  using  the  SwRI  system  which  evaluates  the  carbon 
deposit  quantity  and  lacquer  intensity  while  the  exhaust  port  is  rated  by  percent  of  area  filled  with 
carbon.  A totally  clean  engine  would  have  a combined  total  merit  rating  of  1 10  points.  Not  enough 
tests  have  been  run  to  derive  a “fail  rating  limit”  for  lubricants.  Therefore,  the  merit  ratings  are  used 
only  to  differentiate  between  degrees  of  deposition. 
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IV.  EXPERIMENTAL  RESULTS 


A.  Engine  Performance 

Engine  performance  characteristics  (RPM,  CHT,  EGT,  Knock,  etc.)  were  essentially  identical 
for  all  tests  regardless  of  oil  concentrations  or  test  duration.  The  single  engine  operating  problem 
encountered  involved  spark  plug  fouling  which  will  be  discussed  in  detail  below.  Fuel/oil  ratios  of 
either  16:1  or  32:1  were  used  in  all  tests.  Durations  of  either  30  net  engine  running  hours  (not 
counting  shutdown  mode)  or  100  net  hours  were  used.  No  significant  wear  was  observed  regardless 
of  the  lubricant  used,  but  two  small  scuff  areas  appeared  at  the  same  location  on  the  piston  skirt  of 
Test  No.  3 and  Test  No.  1 1.  Both  of  these  areas  appeared  to  have  restored  themselves  to  a low- 
friction  surface.  This  scuffing  occurred  on  the  same  engine  (No.  3)  and  may  have  been  characteristic 
of  components  of  this  single  machine  since  these  tests  were  run  with  two  different  lubricants.  At 
the  end  of  each  test,  all  engine  dimensions  were  found  to  be  within  engine  manufacturer’s  allowable 
tolerances. 

B.  Engine  Deposits 

Significant  differences  in  deposit  ratings  were  observed  between  lubricant  classes.  These  are 
reflected  in  the  overall  rating  (merit)  system  (see  Table  3)  and  can  be  summarized  as  follows; 

• The  reference  oil,  AL-6408-L,  was  run  at  a fuel/oil  ratio  of  16;  1 for  30  and  100  hours. 

Overall  rating  for  this  lubricant  ranged  between  99  and  108. 


• A M1L-L-2104C  lubricant,  AL-5185-L,  selected  for  high  metallo-organic  additive  content 
was  tested  twice  for  30  hours  using  fuel/oil  ratios  of  16: 1 and  32;  1.  These  rated  102  and 
101 , respectively. 

• AL-4591-L.  a dual  qualified  product  under  M1L-L-2104C  and  MlL-L-46152,  was  tested  at 
a fuel/oil  ratio  of  16;  1 for  30  hours  and  rated  100. 

• Six  lubricants  qualified  under  MIL-L-22851B  were  tested  at  fuel/oil  ratios  of  16:1  or 
32:1  (Test  No.  17)  using  test  durations  of  30  or  100  hours  (Test  No.  18).  These  lubri- 
cants rated  between  78  and  85.  No  significant  total  rating  differences  attributable  to  oil 
concentrations  or  test  duration  were  observed. 

• A single  MIL-L-23699B  synthetic  lubricant,  AL-6682-L,  was  tested  for  30  hours  with  a 
fuel/oil  ratio  of  16:1  and  rated  93. 

• Two  MIL-L-46152  lubricants,  AL-5680-L  (synthetic  base)  and  AL-6358-L  (mineral  base), 
were  also  selected  for  their  high  metallo-organic  additive  content  and  were  run  at  fuel/oil 
ratios  of  16:1  for  30  hours.  These  rated  1 03  and  104. 

The  range  of  merit  ratings  for  the  MIL-L-22851B  lubricants  is  considered  to  be  significantly 
lower  in  merit  rating  than  all  other  lubricants  tested,  primarily  due  to  heavier  engine  deposits. 
However,  this  entire  collection  of  lubricants  operated  satisfactorily  under  the  stated  test  conditions 
with  the  single  exception  of  spark  plug  fouling. 
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C.  Spark  Plug  Fouling 

Spark  plug  fouling  results  can  be  seen  in  Table  4.  These  can  be  summarized  as; 

• The  reference  oil  operated  in  two  cases  for  30  hours  (Tests  Nos.  1 and  1 1 ) with  no  fouled 
plugs.  In  a third  case  (Test  No.  19)  it  was  operated  for  100  hours,  again  with  no  fouled 
plugs.  These  three  tests  were  run  with  16:1  fuel/oil  ratios.  Piston  and  plug  forTest  19  are 
shown  in  Figure  3(a). 

• Three  tests  (Nos.  12,  15  and  20)  using  M1L-L-2104C  lubricants  (metallo-organic 
additives)  resulted  in  at  least  one  fouled  plug  prior  to  30  hours.  Test  Nos.  1 2 and  1 5 were 
run  at  16:1  fuel/oil  ratio,  but  in  Test  No.  20  the  same  lubricant  as  in  Test  No.  12  was 
used  with  concentration  decreased  to  32: 1 . Plug  fouling  still  occurred. 

• Three  of  the  six  M1L-L-22851B  lubricants  tested  for  30  hours  at  16:1  fuel/oil  ratio, 
operated  for  the  entire  30  hours  without  spark  plug  fouling  (Tests  Nos.  5,  7,  and  10).  The 
three  other  lubricants  (Tests  Nos.  8,  9 and  14)  fouled  at  least  one  plug  during  that  time. 
One  of  the  three  former  oils  (Test  No.  7)  which  had  showed  no  plug  fouling  to  30  hours, 
was  operated  in  a subsequent  test  for  100  hours.  In  this  test  (No.  18)  no  plug  fouling  was 
observed  until  the  50th  hour,  but  four  plugs  were  required  from  50  to  100  hours.  Piston 
and  a typical  fouled  plug  are  shown  in  Figure  3(b).  In  another  case  (Test  No.  14)  with  a 
lubricant  which  had  fouled  plugs  at  16:1  fuel/oil  ratio,  a second  test  (No.  17)  was  run 
with  lubricant  concentration  decreased  to  32:1.  This  particular  oil  (AL-6674-L)  had 
required  three  spark  plugs  to  complete  30  hours  at  16:1.  Changing  to  32:1  resulted  in  a 
30-hour  test  with  no  fouled  plugs. 

• The  single  M1L-L-23699B  synthetic  lubricant  fouled  two  plugs  within  the  30-hour 
duration  at  16:1  fuel/oil  ratio. 

Deposit  scrapings  were  taken  from  representative  plugs  and  analyzed  for  metals  content  using 
X-ray  fluorescence.  Results  can  be  generalized  as: 

• Spark  plugs  which  fouled  with  ashless  lubricants  (MIL-L-22851B)  were  coated  with 
deposits  of  a carbonaceous  nature  (i.e.,  sooty),  and  having  no  metallic  content  other  than 
insignificant  traces  of  lead. 

• Those  plugs  which  fouled  with  lubricants  having  metallo-organic  additive  packages 
{M1L-L-2104C,  MlL-L-46152,  M1L-L-23699B)  showed,  in  addition  to  lead,  significant 
metallic  deposits  corresponding  to  those  in  a lubricants  additive  package  (i.e.,  Zn.  Ca.  P, 
Ba). 

The  number  of  plugs  fouled  for  a given  test  may  possibly  be  a relative  index  of  problems  to  be 
anticipated  for  RPV  engine  ignition  systems,  but  no  extrapolations  or  correlations  should  be 
attempted  regarding  spark  plug  endurance  in  a true  field  environment  because  repeatability  of  spark 
plug  endurance  has  not  been  well  enough  defined  in  this  program. 
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(b)Tcst  18:  MIL-L-22851B.Type  III  Oil(AL-6534-L) 
100  hours 
16: 1 fuel/oil  ratio 
265°  CHT  (o  7.000  RPM 
77.6  Merit  Rating 
4 F-oulcd  Plugs 


r IGURt;  3.  liNGINl-  COMPONENTS  EOR  LOW-CUT  TESTS 
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V.  HIGH  TEMPERATURE  TESTS  WITH  CD  IGNITION 


Specification 

...ILL-2104C 

Ref.  OU 

Test  No. 

21 

22 

23 

AFLRL 

AL-S18S-L 

AL-6408-L 

AL.6408  L 

Lubricant  Description 

Properties 

Viscosity.  cSt  @ 210°F 

12.65 

6.47 

6.47 

Viscosity,  cSt  fe  I00°F 

131.5 

38.70 

38.70 

Viscosity  Index 

96 

133 

133 

Flash  Point.  “F 

455 

160 

160 

Additive  Composition,  wt  % 

Sulfur 

0.41 

0.12 

0.12 

Phosphorus 

0.09 

<0.01 

<0.01 

Barium 

0.04 

<0.01 

<0.01 

Calcium 

0.44 

<0.01 

<0.01 

Zinc 

0.08 

<0.01 

<0.01 

Sulfated  Ash 

1.37 

0.002 

1 

0.002 

Merit  Rating 


As  mentioned  previously,  the  McCulloch  MCI 01  engine  in  modified  form  has  been  used  quite 
successfully  as  the  powerplant  for  the  Aquila  RPV.  In  the  course  of  this  present  program,  certain 

design  parameters  for  second-genera- 
lABi.i  7.  TisTSB  Nwiiiit  o.  K. NIHON  AT  iNCRi  ASi  D RPV  powerplants  Were  identified 

C VIIN:  hi  ad  11  MPI  RATIIRI  , • * . 

by  cognizant  Army  engineering  agen- 

I - - 1 1 cies.  Among  these  were: 


• Use  of  a capacitive  dis- 
charge ignition  system 

• Anticipated  cylinder  head 
temperatures  in  excess  of 
450°F. 

In  an  effort  to  simulate  these 
parameters,  MCIOIB  engines  at 
AFLRL  were  adapted  to  a capacitive 
discharge  system*  and  cooling  air  was 
restricted  to  achieve  a 450° F CHT  at 
7000  rpm  as  measured  by  a thermocou- 
ple embedded  in  the  cylinder  head.  It 
was  hoped  that  capacitive  discharge 
ignition  might  eliminate  the  spark  plug 
fouling  problem  discussed  above,  and 
that  operation  at  higher  temperatures 
would  provide  preliminary  information 
on  any  other  lubrication  problems  to 
be  expected  in  second-generation  RPV 
engines.  Three  tests  were  run  using  the 
same  test  cycle  as  discussed  previously. 
Results  are  presented  in  Table  7. 
Test  :i  utilized  AL-518.5-L.  the  MIL- 
L-2104C  lubricant  described  in 
Table  2.  This  oil  was  selected  because 
its  particular  additive  package  makeup 
was  formulated  to  withstand  the  higlier 
temperatures  typical  of  diesel  engine 
ojieration.  Engine  operation  for  this 
test  was  routine  for  1 5 hours  at  which 
point  a spark  plug  was  fouled.  A new 
spark  plug  was  installed,  and  the  engine 
operated  satisfactorily  until  the  2(ith 
hour  at  which  time  power  was  lost  and 
could  not  be  restored.  It  should  be 


Piston  Skirt 

4.5 

5.5 

1 

^ '.  -4  Crown 

6.0 

1.8 

T 2.J 

[ Rir.;  Lsiil-..  Second 

7.0 
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t r--'-  ’.on.  Top 

9.0 

■ 0 

1.0 

Ring  Freedom.  Second 

8.7 
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0 

Piston  Scuffing 

8.0 

8.5 

5.0 

Cylinder  Head  Deposit 

5.2 

8.5 

8.7 

Piston  Top  Deposit 

5.8 

7.2 

7.6 

Top  Grc  /e  Fill 

9.5 

- 

- 

Second  Grove  Fill 

9.5 

- 

Exhaust  Port  Crossing  * 

7.5 

8.5 

8.5 

Total  Merits 

* 





• 

Spark  Plug  Fouling 


^ f 


(No.  of  Plugs  Fouled)  (I ) 

Fuel/Oil  Ratio  32:1 

Engine  No.  2 

*Not  meaningful  due  to  catastrophic  seizure. 


•Delia  Products.  Inc  Mark  1cn  .lOKV  Capacitive  Discharge  Ignition  S.vsiem  With  a Champion  l'|  .77V  Spark  Pl.ig 
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mentioned  that  engine  operation  to  this  point  was  normal  but  that  subsequent  disassembly  of  the 
engine  revealed  severe  cylinder,  piston  skirt,  and  ring  scoring.  Piston  and  plug  for  Test  21  are  shown 
in  Figure  4(b). 

Tests  22  and  23  were  duplicates  utilizing  the  BIA/TC-W  reference  oil  (AL-6408-L)  used  in 
Tests  1.11.  and  19  as  described  in  Table  2.  Here,  a different  failure  mode  was  encountered:  cata- 
strophic seizure.  Although  no  spark  plug  fouling  was  identified  with  this  lubricant  in  either  test  22  or 
23.  engine  seizure  occurred  at  53  hours  in  Test  22  and  13  hours  in  Test  23.  Subsequent  engine  disas- 
sembly in  both  cases  revealed  severely  scored  cylinder  liners,  completely  seized  piston  rings,  gross 
evidence  of  piston  skirt/cylinder  metal-to-metal  contact,  and  for  Test  22  abrupt  disintegration  of 
the  wrist  pin  roller  bearing.  Piston  and  plug  for  Test  23  are  shown  in  Figure  4(a).  This  BIA/TC-W 
reference  oil  (AL-6408-L)was  utilized  in  an  effort  to  eliminate  spark  plug  fouling  since  it  had  shown 
excellent  performance  in  Tests  1,  11.  and  19  at  lower  operating  temperatures.  Although  this 
excellent  characteristic  was  again  exhibited  even  at  the  higher  engine  operating  temperatures,  the 
ashless  dispersant  additive  package  characteristic  of  this  class  of  oils  is  apparently  not  able  to 
operate  satisfactorily  in  this  severe  environment.  It  might  be  noted  that  a similar  experience^  ’ 
occurred  at  AFLRL  in  1974  when  evaluating  an  air-cooled  rotary  combustion  (Wankel)  engine  with 
a different  (but  virtually  identical)  BIA/TC-W  reference  lubricant.  In  this  case,  catastrophic  failure 
in  an  extreme  high  temperature  situation  occurred  repeatedly  within  a few  hours  of  test  initiation. 
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(a)  Test  23:  Reference  Oil  (AL-6408-L) 
13  hours 

32:1  fuel/oil  ratio 
450°FCHT@  7,000  RPM 
Merit  Rating-not  meaningful 
No  fouled  plugs 


(b)  Test  21 : MIL-L-2104C  Oil  (AL-5185-L) 
26  hours 

32:1  fuel/oil  ratio 
450° FCHT@  7,000  RPM 
Merit  Rating-not  meaningful 
1 Fouled  Plug 


nt;t’Rt  4.  t;NtiiNi:  componknts  i or  higikht  ti  sts 


VI.  CONCLUSIONS 


(1 ) No  class  or  classes  of  MIL-specification  lubricants  are  satisfactory  for  RPV  applications  on  the 
basis  of  the  data  generated  in  this  investigation. 

(2)  The  reference  oil  used  was  outstanding  in  all  aspects  of  the  low-CHT  phase  of  this  investiga- 
tion, particularly  in  engine  cleanliness  and  the  total  absence  of  plug  fouling. 

(3)  Spark  plug  fouling  occurred  with  virtually  all  military  specification  lubricants  tested.  This 
could  result  in  RPV  mission  failure,  and  is  of  fundamental  importance.  The  observed  plug 
failure  rate  is  considered  to  be  far  above  that  normally  acceptable  for  an  Army  field  weapons 
system. 

(4)  Those  MIL-specification  lubricants  containing  metallo-organic  additives  provided  cleaner 
engines  than  ashless  oils;  both  classes  provided  adequate  lubrication.  The  heavier  deposit  levels 
observed  for  the  ashless  oils  in  the  low-CHT  testing  did  not  affect  engine  performance. 
Whether  this  conclusion  would  hold  for  test  durations  approaching  design  life  of  the  RPV 
engine  is  not  known. 

(5)  Simulation  of  second-generation  RPV  engine  CHT’s  of  450°F  with  capacitive  discharge 
ignition  resulted  in  lubricant  failure  and  consequent  severe  engine  wear  or  seizure  for  two 
lubricants. 
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VII.  RECOMMENDATIONS 


(1 ) If  future  RPV  engine  temperatures  can  be  limited  to  200°-300°F.  serious  consideration  should 
be  given  to  utilization  of  the  BIA/TC-W  class  of  lubricants  in  the  RPV  program.  This  would,  of 
course,  entail  more  comprehensive  experimental  evaluation  of  this  lubricant  class.  Such  a study, 
however,  would  seem  warranted  based  upon  the  excellent  performance  of  the  reference  lubri- 
cant employed  in  the  low-CHT  phase  of  this  present  program. 

(2)  Any  subsequent  experimental  lubricant  evaluation  program  should  employ  both  the  test  cycle 
and  merit  rating  system  employed  in  this  present  program.  The  merit  rating  system  should  be 
further  refined  to  include  a plug  fouling  index  such  as  addition  of  one  merit  point  per  hour  of 
running  time  on  the  initial  plug* ' R).  or  subtraction  of  5-10  points  from  the  engine  merit  rating 
for  each  plug  replaced  in  a given  test. 
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1.  U.S.  Government  Specification  VV-G-76B,  “Gasoline,  Automotive  (Leaded),”  May  1974, 

2.  U.S.  Military  Specification  MIL-G-5572E,  “Gasoline,  Aviation,”  July  1969. 

3.  Boating  Industry  Association,  Standards  Basis  ABYC  S-18-75,  BlA-3 12-75,  “BIA  Certification 
Tests  for  TC-W  and  TC-2  Two-Cycle  Engine  Lubricants,”  1975. 

4.  U.S.  Military  Specification  M1L-L-22851B,  “Lubricating  Oil,  Aircraft  Piston  Engine,  Type  II 
and  111  (Ashless  Dispersant),”  December  1971. 

5.  U.S.  Military  Specification  MlL-L-46152,  “Lubricating  Oil,  Internal  Combustion  Engine, 
Administrative  Service,”  November  1 970. 

6.  U.S.  Military  Specification  MIL-L-2104C,  “Lubricating  Oil,  Internal  Combustion  Engine 
(Heavy  Duty),”  November  1970. 

7.  U.S.  Military  Specification  MIL-L-23699B.  “Lubricating  Oil,  Aircraft  Turbine  Engines, 
Synthetic  Base,”  November  1971. 


LIST  OF  REFERENCES 

1 R.  Russell.  J.A..  and  Lestz,  S.J.,  “Rating  Method  and  Lubricant  Appetite  Study  for  an  Air-Cooled 
Rotary  Engine,”  SAE  741068,  October  1974. 


22 


DISTRIBUTION  LIST 


Defense  Di)curnentation  Center 
Cameron  Station 
Alexandria,  Virginia  22314 

Defense  I uel  Supply  Center 
Attn;  DlSC-r 
Office  of  Technical  Services 
(amcron  Station 
Alexandria,  Virginia  22314 


No.  of  No  of 

Copies  Copies 

Department  of  Defense 

12  Director  of  Defense  Research  & Engineering  (OSD) 

Attn;  Dep  Dir/Research  & Technology  1 

Washington,  D.C.  20301 

Office  of  the  Assistant  Secretary  of  Defense 
3 Attn;  Technical  Advisory  Panel  on  I 

Fuels  & Lubricants 
Washington , D.C.  20301 


Department  of  the  Artny- Technical  Services 


('ommandcr 

U S Army  Materiel  Development  and  Readiness  Command 
5001  I iscnhower  Road 
Attn  DRCl  DC 
DR(  MM  SP 

Alexandria,  Virginia  22333 
Commander 

U S.  Army  Armament  Command 
Attn  DRSAR-Rh 
DRSAR-SM 
DRSAR  PP 

Rock  Island,  Illinois  61201 
( i>mmandcr 

U S Army  Missile  Command 

Attn;  DRSMI-RSM 

Redstone  Arsenal.  Alabama  35809 

Commander 
Anniston  Army  Depot 
Attn  Chemical  Laboratory 
Anniston.  Alabama  36202 

USAGMPA  Petroleum  Field  Office  (Eiast) 

Attn  STSGPPF 
STSGP  FT 

New  ( umberland  Army  Depot 
New  ('umberland.  Pennsylvania  17070 

( ommander 

USAGMPA  Petroleum  Field  Office  (West) 

Attn:  STSGP  PW 
Sharpe  Army  Depot 
l.athrop.  California  95330 

(ommander 

VS-  Army  Tank  Automotive  Readiness  Command 
Attn  DRSIA-GBA 
DRSTA  R 

Warren.  Michigan  48090 
Commander 

(IS  Army  I .mk-Automtitive  Research  & Development 
Cimimand 
Attn  DKDIAR 
DRDTA ( L 

Warren.  Muhig.in  48090 


Commander 

U S.  Army  Quartermaster  School 
Petroleum  & Field  Service  Department 
I Attn:  ATSM-TNG-PF 

1 Fort  Lee.  Virginia  23801 

Commander 

U S.  Army  Logistics  Center 
Attn:  ATCL-MS 

j Fort  Lee.  Virginia  23801 

^ Commander 

U S.  Army  Munitions  Command 
Picatinny  Arsenal 
Attn:  SMUPA-D 

I Dover.  New  Jersey  07801 

Commander 
Watervlict  Arsenal 
Attn:  SMFSV-RDR 
^ Watervlict,  New  York  I2I80 

Commander 

U S Army  Ballistics  Research  Laboratory 
' Attn  AMXBR  DL 

* Aberdeen  P.G..  Maryland  21005 

Commander 

White  Sands  Missile  Range 
Attn;  Technical  Library 
I White  Sands,  New  Mexico  88002 

Commander 

U S.  Army  Mobility  equipment  Research  & 
Development  Command 
Attn:  DRDME<;L 
, DRDME-U 

3 DRDMEC 

Fort  Belvoir,  Virginia  22060 

Commander 

Corpus  Christi  Army  Depot 
Naval  Air  Station 
Attn:  DRSACQ 

^ Corpus  Christi.  Texas  78419 
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Department  of  the  Army-Technical  Services  (Cont  'll) 


DoD  Ptojcci  Manjgei  Mobil  Electric  Power 
Attn  DRCPM-MFP-TM 
7500  Hjcklick  Road 
Springfield.  Virginia  2JIS0 

f'ommander 

U S Army  f oreign  Science  & Technology  Center 
f ederal  Hldg 
Atm  DRXSr-CE 
C’latloitecville.  Virginia  22901 

U S.  Army  Ordnance  Center 
and  School 

Attn;  AfSL-tTDMS-A 

Aberdeen  Proving  Ground.  Maryland  2100S 

Commander 

U S.  Army  Materials  & .Mechanics  Research 
Center 

Attn:  l)RX.MR-rMS 
Watertown.  .Massachusetts  02172 

Commander 

U S Arms  Troop  Support  Command 
f .fOOtioodlellow  Blvd 
Atm  lechnical  l ibrary 
DRSISRf 

St  I iiuis.  Missouri  6.1120 

Deputy  Chief  of  Staff  Research  & Development 
Army 

Department  of  the  Armv 
Atm  D.AMA-C.SS 
Washington.  D.C.  20.110 

Commander 

U S Aims  Research  on  ICC 
I’O  llos  1221  I 

Rcscatsh  1 itanglc  Park.  North  Carolina  27709 
Commander 

U.S  .Army  Aviation  School 
Ann  Oltice  ol  the  1 ibrarian 
fort  Rucker.  .Alabama  .16.162 

Comm.indcr 

U.S  Army  Chemical  Rewarch  A Development 
I aboralorics 

Atm  Directorate  of  Weapons  Systems  (SMUCR-WS) 
fdgew'ood  Arsenal. 

Aberdeen  Proving  Ground.  Maryland  21010 
Commander 

U.S  Army  Arctic  Test  .Activity 
APt)  7M 

Seattle.  Washington  98711 


President 

1 U.S.  Army  Armor  & Engineer  Board 

Attn:  STEBB-EN 
Fort  Knox,  Kentucky  40121 

Commander 
Yuma  Proving  Ground 
Attn:  STEYP-MTS 
1 STEYP-MTM 

STEYP-MLS 
Yuma,  Arizona  85369 

Corp  of  Engineers 

1 Washington  Aqueduct  Division 

5900  MacArthur  Blvd 
Washington,  D C.  20315 

Commander 

U.S.  Army  Maintenance  Management  Center 
1 Attn  DRXMD-1 

l.exington.  Kentucky  40507 

Cemmander 

172nd  Infantry  Brigade  Alaska 
Attn:  AfZT-DI  LW 

I APO  Seattle,  Washington  98749 

1 

Commander 

U.S.  Army  Air  Mobility  R&D  Laboratory 
Eustis  Directorate 
Attn:  SAVDI  EU-TAP 
Fort  Eustis.  Virginia  23604 

2 

Commander 

U.  S.  Army  Aviation  Research  and  Develop- 
ment Command 
Attn:  DRDAV-EQP 
P.O.  Box  209 
St.  Louis  Missouri 

Commander 

1 U.S  Army  Systems  Analysis  Agency 

Attn  DRXSYAM 

Aberdeen  Proving  Ground,  Maryland  21005 
Commander 

U.S  Army  .Nallc^  Development  Center 
I Attn  DRXNM  YPB 

Natick.  Massachusetts  01760 

Commander 

U.S.  Naval  Air  Sv  stems  Command 
Ann  AIR  5145111 
I AIR  5.1645 

Washington.  DC  20161 


Commander 

U.S  Army  .Alaska  Support  Command 
Ann  AR(  i.-y 

APO  Seattle.  Washington  98749 
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Commander 

Naval  Air  Development  Center 
Code  30212 

Warminster,  Pennsylvania  18974 
Commander 

Naval  Ordnance  Systems  Command 
Attn:  Technical  l-ibraty  (ORD  9132) 
Washington.  D C.  20360 

Director 

D.S.  Naval  Research  Lahoral'  ty 
Attr..  Code  6200 
Code  6180 

Washington,  D.C.  20390 
Superintendent 

t'.S.  Naval  Post  Graduate  School 
Attn:  Technical  Reports  Section 
Monterrey.  California  93940 

Commander 
D.S.  Naval  Air  Station 
Overhaul  & Repair  Department 
North  Island 

San  Diego.  California  92135 
Commander 

U.S.  Naval  Civil  Engineering 
Laboratory 

Port  Hueneme,  California  93041 


Department  of  the  Navy 

Commander 
U.S,  Marine  Corps 

1 Attn:  LME-2  1 

Navy  Annex 

Washington,  D.C.  20380 
Commander 

2 Naval  Ship  Engineering  Center 

Code  6101F,  Center  Bldg  1 

Prince  George’s  Center 
llyattsville,  Maryland  20782 

1 Commander 

1 Naval  Ship  R&D  Center 

Annapolis  Laboratory 

Code  2831  I 

Attn;  Technical  Library  1 

Annapolis,  Maryland  21402 

1 

Commander 

Naval  Facilities  Engineering  Command 

Transportation  Maintenance  Management  Branch 

Attn:  Code  10332  1 

Washington,  D.C.  20390 

1 

Commander 

Naval  Air  Propulsion  Test  Center 

Attn:  PE7  2 

Trenton,  New  Jersey  08628 
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Department  of  the  A ir  Force 


Commander 

Air  Force  Aero  Propulsion  Laboratory  (AFSC) 

Attn:  AFPL/SFF/SFL 

Wright-Patterson  Air  Force  Base,  Ohio  45433 

Commander 

SAALC 

San  Antonio  Air  Logistics  Center 
Attn:  SFO 

Kelly  Air  Force  Base, Texas  78241 


Headquarters 

U.S.  Air  Force  (RDPS) 

3 Washington,  D.C.  20330 

Commander 

Air  Force  Materials  Laboratory 
Attn;  MBT 

Wright-Patterson  Air  Force  Base,  Ohio  45433 
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Other  Grtvernment  Agencies 

Scientiric  * Technical  Information  Facility 
PO  Box  33 

Attn  NASA  Representative  (SAK/DL) 

College  Park.  Maryland  20740 


Federal  Aviation  Administration 
800  Independence  Avenue,  S.W. 

1 Attn:  Administrative  Standards  Division  (MS-1 10) 

Washington.  D.C.  20590 
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Othtr  Govtrnment  Atencits  (Cont’d) 


Mr.  Wayne  A.  Cutiell 
Environmental  Protection  Agency 
Durliam  Contract  Operations 
MaU  Stop  lX'O-6 

Research  Triangle  Park.  North  Carolina  27711 

Mr.  Roy  1).  Quillian.  Jr.,  Technical  Director 

D.S.  Army  Fuels  & Lubricants  Research  Laboratory 

Southwest  Research  Institute 

8S00  Culebra  Road 

San  Antonio.  Texas  78284 


Project  Coordinator 
Bartlesville  Energy  Research  Center 
U.S.  Energy  Research  k Development 
I Administration 

P.O.  Box  1 398 

Bartlesville,  Oklahoma  74003 
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